Background: Bitopic ligands bind concomitantly to orthosteric and allosteric receptor sites. Results: Residues affecting binding and biased signaling of the selective agonists TBPB and 77-LH-28-1 were identified at the M 1 muscarinic receptor. Conclusion: Novel bitopic ligand binding poses and mechanisms of receptor activation were identified. Significance: Understanding the basis of bitopic ligand mechanisms can enable the design of selective ligands.
TBPB and 77-LH-28-1 are selective agonists of the M 1 muscarinic acetylcholine receptor (mAChR) that may gain their selectivity through a bitopic mechanism, interacting concomitantly with the orthosteric site and part of an allosteric site. The current study combined site-directed mutagenesis, analytical pharmacology,and molecular modeling to gain further insights into the structural basis underlying binding and signaling by these agonists. Mutations within the orthosteric binding site caused similar reductions in affinity and signaling efficacy for both selective and prototypical orthosteric ligands. In contrast, the mutation of residues within transmembrane helix (TM) 2 and the second extracellular loop (ECL2) discriminated between the different classes of ligand. In particular, ECL2 appears to be involved in the selective binding of bitopic ligands and in coordinating biased agonism between intracellular calcium mobilization and ERK1/2 phosphorylation. Molecular modeling of the interaction between TBPB and the M 1 mAChR revealed a binding pose predicted to extend from the orthosteric site up toward a putative allosteric site bordered by TM2, TM3, and TM7, thus consistent with a bitopic mode of binding. Overall, these findings provide valuable structural and mechanistic insights into bitopic ligand actions and receptor activation and support a role for ECL2 in dictating the active states that can be adopted by a G protein-coupled receptor. This may enable greater selective ligand design and development for mAChRs and facilitate improved identification of bitopic ligands.
The M 1 muscarinic acetylcholine receptor (mAChR) 4 is a prototypical member of the family of rhodopsin-like G protein-coupled receptors and a target for the treatment of disorders of cognition and memory. Targeting the M 1 mAChR has proved promising; the M 1 /M 4 mAChR-preferring agonist, xanomeline, improved cognitive behaviors in both Alzheimer and schizophrenic patients (1, 2) . However, like all mAChR-based therapeutics, xanomeline targets the ACh (orthosteric) binding site, which is highly conserved across the mAChR family (3) . As such, the effectiveness of xanomeline is limited by inadequate subtype selectivity and adverse effects via peripheral M 2 and M 3 mAChRs (1, 2) .
Targeting topographically distinct allosteric binding sites on the receptor can afford better subtype-selective ligands. Molecules that interact with allosteric sites have the potential to modulate the binding and function of co-bound orthosteric ligands as well as activating receptor signaling in their own right (4) . Accordingly, the recent surge in the number of highly M 1 mAChR-selective ligands has often been ascribed to their engagement with allosteric binding sites (5) (6) (7) (8) (9) , but such a mechanism remains ambiguous for many of these ligands. For example, although the M 1 mAChR-selective agonist N-desmethylclozapine was originally suggested to be allosteric, definitive evidence for an allosteric interaction with the receptor is lacking (10 -12) . Moreover, novel bitopic ligands have recently been described, which concomitantly associate with both the orthosteric binding site and an allosteric binding site (13) (14) (15) (16) (17) (18) (19) ; it is possible that previous studies of selective agonists have classified such bitopic ligands as purely allosteric.
Indeed, we recently proposed that the M 1 mAChR-selective agonists TBPB (1-(1Ј-(2-methylbenzyl)-1,4Ј-bipiperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one), AC-42 (4-n-butyl-1-[4-(2methylphenyl)-4-oxo-1-butyl] piperidine), and 77-LH-28-1 (1-[3-(4-butyl-1-piperidinyl)propyl]-3,4-dihydro-2(1H)-quinolinone), initially classified as allosteric agonists, are likely bitopic agonists (15, 19) . Consistent with a bitopic mechanism of action (13, 14, 19) , reverse engineering of TBPB by removal of an allosteric pharmacophore resulted in the generation of an agonist fragment, VCP794 (1-(1-cyclohexylpiperidin-4-yl)-1H-benzo-[d]imidazol-2(3H)-one), that lost agonist selectivity for the M 1 mAChR (19) . Moreover, compared with the agonism of TBPB, VCP794 displays a different bias, one toward the activation of receptor-mediated phosphorylation of extracellular signalregulated kinases 1 and 2 (pERK1/2) over intracellular calcium ([Ca 2ϩ ] i ) mobilization (19) . These findings highlight a potential for developing or manipulating bitopic agonists to selectively target receptor subtypes and/or signaling pathways.
In the current study, we sought to investigate how such bitopic ligands potentially engage with the receptor. Prior mutational studies have provided some insight into bitopic mechanisms of action and the engagement of mAChRs by the structural congeners AC-42 and 77-LH-28-1 (10, 15, 20 -22) . A more recent mutagenesis investigation focuses on the pharmacology of TBPB and AC-42 (23) . However, this latter study does not differentiate among the effects of mutations on the affinity, efficacy, and signaling bias of the selective agonists. Therefore, to investigate our hypothesis that TBPB and 77-LH-28-1 share similar bitopic modes of interaction at the M 1 mAChR, we examined the effects of mutations of residues implicated in the orthosteric binding site or neighboring putative allosteric binding sites in the M 1 mAChR (5, 15, 22, 24 -28) on agonist affinity, efficacy, and signaling bias. By comparing the mutational effects on the pharmacology of TBPB and 77-LH-28-1 with orthosteric ligands, as well as fragment derivatives of TBPB (19) , we have detailed their bitopic mechanism of interaction at the M 1 mAChR. Furthermore, we have identified both common and divergent activation mechanisms exploited by bitopic ligands from orthosteric ligands and provided the first quantification of mutational effects on biased agonism at this receptor subtype. These findings warrant further consideration for the development and study of subtype selective agonists of the mAChRs.
EXPERIMENTAL PROCEDURES
Materials-Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were from Invitrogen and JRH Biosciences (Lenexa, KS), respectively. Hygromycin was purchased from Roche Applied Science. The AlphaScreen TM SureFire TM pERK1/2 reagents were kindly donated by Drs. Michael Crouch and Ron Osmond (TGR Biosciences, South Australia, Australia). The AlphaScreen streptavidin donor beads and anti-IgG (protein A) acceptor beads used for pERK1/2 detection, 384-well ProxiPlates, and [ 3 H]N-quinuclidinyl benzilate ([ 3 H]QNB; specific activity, 50.5 Ci/mmol) were purchased from PerkinElmer Life Sciences. Fluo-4-AM was purchased from Invitrogen. 77-LH-28-1, TBPB, and its fragment derivatives, VCP794 and VCP813, were synthesized in-house as described previously (8, 19) . All other chemicals were from Sigma or as otherwise stated below.
cDNA Constructs and Generation of Stable Cell Lines-cDNA in pcDNA3.1ϩ encoding the wild-type human M 1 mAChR was obtained from Missouri University of Science and Technology. Oligonucleotides used for mutagenesis were purchased from GeneWorks (Hindmarsh, South Australia, Australia). An N-terminal c-Myc epitope tag (EQKLISEEDL) was introduced to the sequence of the M 1 mAChR, along with flanking AttB sites, by overlap extension polymerase chain reaction using the following primers: 5Ј-GGGGACAAGTTTGTACAAAAAAG-CAGGCTCCACCATGGAGCAGAAGCTTATCAGCGAG-GAGGACCTGaacacttcagccccacctgctgtc-3Ј (N-terminal forward primer) and 5Ј-GGGGACCACTTTGTACAAGAAA-GCTGGGTCTCAGCATTGGCGGGAGGGAGTGCG-3Ј (Cterminal reverse primer). The construct produced was cloned into the pDONR201 TM plasmid using the BP clonase enzyme mix according to manufacturer's instructions (Invitrogen). The desired mutations were then introduced into the construct using the QuikChange TM site-directed mutagenesis kit (Agilent, Melbourne, Australia). All M 1 mAChR receptor constructs in pDONR201 TM were subsequently transferred into the pEF5/frt/V5/dest vector using the LR clonase enzyme mix (Invitrogen). Receptor constructs in pEF5/frt/V5/dest were used to isogenically transfect Flp-In CHO cells (Invitrogen) as described previously (21) . Cells were selected using 600 g/ml hygromycin to generate cell lines stably expressing each mutant receptor construct. Cells were maintained and cultured in high glucose DMEM supplemented with 10% FBS, 16 mM HEPES, and 600 g/ml hygromycin at 37°C under a humidified atmosphere containing 5% CO 2 .
Membrane Preparations-Membranes of cells expressing each M 1 mAChR variant were prepared as described previously (19, 29) . Briefly, following culture, cells were harvested with PBS (136.89 mM NaCl, 2.68 mM KCl, 3.21 mM Na 2 HPO 4 , and 1.47 mM KH 2 PO 4 ) supplemented with 2 mM EDTA and resuspended in homogenization buffer containing 20 mM HEPES and 10 mM EDTA, pH 7.4. Cells were then homogenized using a Polytron homogenizer (PT1200 CL, Kinematica, Basel, Switzerland) on ice. Membranes were then separated via centrifugation and the final pellet resuspended in 5 ml of buffer (20 mM HEPES and 0.1 mM EDTA, pH 7.4).
Flow Cytometric Detection of Cell Surface Receptor Expression-Cells were seeded in a 24-well plate at a density of 150,000 cells/well and cultured overnight. The following day, the medium was aspirated, and cells were harvested with PBS supplemented with 2 mM EDTA. Cell pellets were resuspended in assay buffer (PBS, 0.1% BSA, and 2 mM EDTA) and transferred to a 96-well v-bottomed plate. Cells were then centrifuged at 250 ϫ g at 4°C for 3 min and resuspended in 100 l of blocking buffer (PBS, 5% BSA, and 2 mM EDTA). After incubation on ice for 30 min, cells were incubated with mouse monoclonal 9E10 antibody (prepared in-house) targeted to the c-Myc epitope tag and diluted in assay buffer at 2 g/ml for 60 min on ice. Cells were subsequently washed twice with assay buffer and incubated with a secondary goat anti-mouse IgG antibody conjugated to Alexa Fluor 647 (2 g/ml, Molecular Probes, Invitrogen) for 30 min on ice. A single wash followed, and cells were resuspended in assay buffer containing 0.05 g/ml propidium iodide with the fluorescence signal quantified using a FACSCantoII flow cytometer (BD Biosciences).
Saturation Radioligand Binding-Saturation binding studies were performed using [ 3 H]QNB to estimate the affinity (equilibrium dissociation constant (K D )) of the radioligand and receptor expression levels. Membrane preparations were diluted to 3-20 g/tube (except for membranes expressing c-Myc M 1 D105 3.32 N mAChR, which were diluted to 50 g/tube) using binding buffer and incubated with 0.01-10 nM [ 3 H]QNB in a final assay volume of 1 ml/tube for 3 h at 37°C in a shaking water bath. Following incubation, the assay was terminated by rapid filtration onto GF/B grade filter paper (Whatman) using a Brandel harvester followed by three washes with ice-cold NaCl (0.9%). Filters were dried under a heat lamp and prepared for liquid scintillation counting by transfer to scintillation vials and the addition of 4 ml of Ultima Gold TM scintillation mixture to each vial. Radioactivity was measured on a Tri-Carb 2900TR liquid scintillation analyzer (PerkinElmer Life Sciences) after incubation for at least 30 min.
Inhibition Radioligand Binding-Equilibrium radioligand binding assays were performed to estimate the binding affinity of non-radiolabeled compounds at the M 1 mAChR. The final assay volume was either 1 or 2 ml depending on the concentrations of [ 3 H]QNB used. Membrane preparations were diluted to 3-44 g/tube in binding buffer with 100 M Gpp(NH)p. Membrane preparations of the M 1 mAChRs were co-incubated with an approximate K D concentration of [ 3 H]QNB and varying concentrations (10 pM-10 mM) of the following ligands: atropine, ACh, xanomeline, 77-LH-28-1, TBPB, VCP794, and VCP813. The assay was terminated and measurements conducted as described above.
Intracellular Calcium ([Ca 2ϩ ] i ) Mobilization-Cells were cultured overnight on transparent 96-well cell culture plates at 3 ϫ 10 4 cells/well and assayed as described previously (19) . Briefly, cells were washed once using HEPES-buffered saline solution (HBS; 150 mM NaCl, 2.2 mM CaCl 2 , 2.6 mM KCl, 1.18 mM MgCl 2 , 10 mM HEPES, and 10 mM D-glucose) containing 0.5% BSA and 4 mM probenecid at pH 7.4 and then treated with (1 M) Fluo-4-AM (in HBS/BSA/probenecid) for 60 min at 37°C in 5% CO 2 in the dark. Cells were then further washed twice and placed in HBS/BSA/probenecid solution for ligand addition and assay in a FlexStation 3 plate reader (Molecular Devices, Sunnyvale, CA). For receptor alkylation experiments, following incubation with Fluo-4-AM, cells were treated with varying concentrations of phenoxybenzamine for 30 min at 37°C in the dark. Cells were then washed (three times) with assay buffer prior to stimulation with agonists. For all experiments, peak changes in fluorescence signal were normalized to the cellular response to 100 M ATP, which was used as an internal positive control.
Measurement of pERK1/2-Cells were seeded on transparent 96-well cell culture plates at 3 ϫ 10 4 cells/well. After 4 h, cells were washed once with PBS and then incubated in serum-free DMEM (supplemented with 16 mM HEPES) overnight. Receptor-mediated pERK1/2 was determined using the AlphaScreen TM ERK1/2 SureFire TM kit as described previously (19) . For all experiments, 10% FBS was used as an internal positive control to stimulate pERK1/2, for which the maximal responses were used for normalization of data, and vehicle was used as a negative control. For the receptor alkylation experiments, cells were treated with varying concentrations (1, 3, and 10 M) of phenoxybenzamine for 15-60 min at 37°C in 5% CO 2 . Cells were then washed three times with PBS and again incubated in serum-free DMEM for 4 h prior to assay.
Computational Methods for the Model of the Ligand-Receptor Complex-For residues located in transmembrane domains, Ballesteros and Weinstein numbers are provided (in super-script) to indicate the relative position of residues within the transmembrane domains (30) . To distinguish residues within the three extracellular loops, residue numbers are followed by an E number (in superscript), where the number denotes the number of the extracellular loop (e.g. Tyr-179 E2 ). To generate a homology model of the M 1 mAChR, the sequence of the human M 1 mAChR was first retrieved from the Swiss-Prot database. ClustalX software (31) was used to align the sequence with the crystal structure of the M 3 mAChR (Protein Data Bank ID: 4DAJ) (32) . The model of the receptor was built using the Modeler v9.12 suite of programs (33) , which yielded 15 candidate models. The conserved disulfide bond between Cys-98 3.25 at the beginning of TM3 and Cys-178E2 present in the template structure was also built and maintained as a constraint for geometric optimization. The best structure was selected from these candidates according to the Modeler DOPE (discrete optimized protein energy) assessment score and visual inspection. The resulting receptor structure was optimized using the force field described by Duan et al. (34) and the general AMBER force field (GAFF), and HF/6 -31G*-derived RESP atomic charges were used for the ligands (35) .
The docking of TBPB was performed with the MOE (molecular operating environment) software package (Chemical Computing Group, Inc.). TBPB was docked into the receptor model with its protonated nitrogen, proximal to the benzimidazolone moiety, and conserved in the structure of VCP794, interacting with Asp-105 3.32 , a residue conserved in all aminergic receptors and known to be important for ligand interaction (36, 37) . The best docking solution was selected according to the scoring function of MOE and the results of the experimental data.
The complex obtained was subjected to refinement using MOE in a 200-ps molecular dynamics simulation (MMF94x force field, 300 K, Born solvation, 2-fs time step). Further optimization of the complex was performed by molecular dynamics simulation over 200 ps in which the ligand, the binding site (10 Å around the ligands), and the ECL2 were kept flexible while protein backbone atoms were kept fixed (MMFF94 force field, Born solvation, 300 K, 2-fs time step). The final complex was subsequently energy-minimized by applying gradient minimization until the root mean square gradient was lower than 0.001 kcal/mol Å and embedded in a pre-equilibrated lipid bilayer (ϳ280 molecules of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and ϳ215,000 water molecules and counterions). Simulations were carried out using the NAMD2.9 (38) package with the TIP3 water model and the CHARMM27 all-hydrogen force field (39) for protein and lipids and using the particle mesh Ewald (PME) method (40) to evaluate electrostatic interactions. After an equilibration period of 1 ns (where we applied a positional restraint of 10 kcal mol Ϫ1 Å Ϫ2 to the C␣ of the receptor structure), the molecular dynamics simulations were performed over 20 ns using a 1-fs integration time step, constant pressure, and constant temperature of 310 K.
Data Analysis-All data were analyzed using GraphPad Prism 6.02 (GraphPad Software, San Diego, CA). Data sets from [ 3 H]QNB binding assays and agonist concentration-response curves were analyzed as described previously (19) to derive estimates of the radioligand dissociation constant (K D ), maximal density of binding sites (B max ), inhibitor dissociation constants (K I ), agonist potencies (EC 50 ), and maximal agonist responses (E max ).
To compare agonist profiles between the wild-type M 1 mAChR and mutant receptors, agonist concentration-response curves were also fitted to the operational model of agonism below (41) ,
where E m is the maximal response of the system; K A denotes the functional equilibrium dissociation constant of the agonist (A); is an index of coupling efficiency (efficacy) of the agonist and is defined as R T /K E (where R T is the total concentration of receptors and K E is the concentration of agonist-receptor complex that yields half the E m ); and n is the slope of the transducer function that links occupancy to response. For agonists that did not produce the maximal system response, the K A value was estimated directly from the functional data via Equation 1. In cases where agonists exhibited high efficacy that yielded the maximal responses, K A values were constrained to the respective K I values determined from radioligand binding studies (see "Results") in order for the nonlinear regression algorithm to converge. The exception to this path was the determination of K A values for 77-LH-28-1, TBPB, VCP794, or xanomeline at the wild-type M 1 mAChR through receptor occlusion by phenoxybenzamine alkylation, which resulted in significant reductions in the maximal responses. Given the proportional relationship of R T to measured , K A is invariant with receptor depletion. Hence, unique estimates of K A could be obtained by direct operational model fitting of the family of concentration-response curves for each agonist (42) .
Accounting for different magnitudes of expression between receptor variants, the corrected values ( c ) were calculated to facilitate more accurate efficacy comparisons. Receptor expres- To quantify biased agonism, agonist concentration-response curves for [Ca 2ϩ ] i mobilization or pERK1/2 were refitted using the following reparameterization of the operational model as described by Kenakin et al. (43) 
where the "transduction coefficient," /K A , is estimated as a single fitted value. Bias values were calculated as described previously (19, 20) ; the transduction coefficients of each test agonist were first normalized to that determined for the reference agonist, ACh.
Normalized transduction coefficients (⌬log 10 (/K A )) were then used to calculate the bias factor for each agonist between pERK1/2 and [Ca 2ϩ ] i mobilization,
With the determination of composite parameters, the associated propagation of error in Equations 4 -6 was accounted through application of the following equation,
Flow cytometric data sets of cell samples were analyzed using FlowJo 10.0.6 (Tree Star, Inc., Ashland, OR) to select for live cells followed by the determination of mean Alexa Fluor 647 fluorescence. Specific Alexa Fluor 647 labeling was quantified by subtracting the mean fluorescence values of cell controls where 9E10 antibody was absent. These values were then normalized to those from cells without the epitope-tagged receptor and the c-Myc-tagged wild-type M 1 mAChR.
Potency (EC 50 ), affinity (K D , K I , and K A ), and efficacy () parameters were estimated as logarithms (44) . Statistical analyses of data were performed, as appropriate, using Student's t test or one-way ANOVA with Dunnett's post-hoc tests, and significance was taken as p Ͻ 0.05. To minimize the impact of propagation of error from multiple steps of data manipulation in bias value calculations, for each agonist except ACh the normalized transduction coefficients (⌬log 10 (/K A )) for pERK1/2 and [Ca 2ϩ ] i mobilization (Equation 4) were used for statistical comparison to determine agonist bias.
RESULTS

Selection of Amino Acid Mutations and Generation of Cell
Lines Stably Expressing the M 1 mAChR-We selected a range of amino acid residues of the M 1 mAChR involved (or predicted to be) in the binding and function of orthosteric and allosteric ligands (depicted in the snake plot in Fig. 1 ). We generated alanine substitutions of Tyr-106 3.33 and Tyr-381 6.51 within the orthosteric binding site. This was based on the prior use of these mutations to pharmacologically differentiate between orthosteric and novel, putatively allosteric, ligands (24, 26) . Asp-105 3.32 plays key roles in the binding of the amine head group of canonical orthosteric ligands, as well as in receptor activation (25, 26, 45) . Because the D105 3.32 A mutation markedly reduces orthosteric ligand binding affinity and efficacy, we generated glutamate and asparagine mutations to facilitate better probes for ligand interactions with this residue. In addition, Leu-102 3.29 and Trp-101 3.28 were selected based on their role in stabilizing the binding of orthosteric ligands (26) . Moreover, we investigated W101 3.28 A and F77 2.56 I because of their unique discriminatory effects on the function of TBPB and 77-LH-28-1 relative to other prototypical ligands (15, 22, 23) .
The extracellular domains of the mAChRs interact with a variety of allosteric ligands. As such, we generated a range of alanine mutations of residues within these domains. We generated the Y82 2.61 A, Y85 2.64 A, W400 7. 35 A, and E401 7.36 A mutations to investigate the roles of transmembrane helical domains 2 and 7 (TM2 and TM7), which have been implicated in the binding and function of bitopic ligands, such as 77-LH-28-1, and allosteric modulators (5, 15, 22, 28, 46) . Additionally, given their proximity to the orthosteric binding site, we also investigated the role of the second extracellular loop (ECL2) residues, Tyr-179 E2 , Ile-180 E2 , Gln-181 E2 , Phe-182 E2 , and Leu-183 E2 . This region is involved with the stabilization of orthosteric ligand binding and receptor activation (47, 48) as well as the interaction of allosteric and bitopic ligands (14, 46) . The nonconserved residues of ECL1 (His-90 E1 ) and ECL3 (Lys-392 E3 and Asp-393 E3 ) were also included based on the previous suggestion of involvement with allosteric agonist binding (27) .
Effects of Mutations on Expression of the M 1 mAChR-Satu
ration binding using the radiolabeled orthosteric antagonist [ 3 H]QNB revealed reductions in receptor expression for all of the mutations investigated, although the levels of L183 E2 A and K392 E3 A M 1 mAChRs did not significantly differ from the wildtype receptor (p Ͼ 0.05, one-way ANOVA and Dunnett's posthoc test; Tables 1 and 2 ). An alternative quantification of cell surface receptor expression, flow cytometry of antibody binding to the c-Myc epitope, was performed to detect immunolabeled cell surface-expressed receptors on live cells. Although a comparison of the normalized estimates found significantly greater expression Effects of Mutations on Binding Affinity of Ligands to the M 1 mAChR-Equilibrium binding studies were performed to examine and compare the effects of mutations on the affinity of orthosteric ([ 3 H]QNB, ACh, atropine, and xanomeline) and bitopic ligands (77-LH-28-1 and TBPB). Additionally, the agonist and antagonist fragment derivatives of TBPB, VCP794 and VCP813, respectively, were also investigated (19) . The concentra-tion-dependent displacement of [ 3 H]QNB from the M 1 mAChRs by each ligand (Fig. 2) was indistinguishable from a competitive interaction with the receptor, suggesting either orthosteric antagonism or allosteric modulation characterized by very high negative cooperativity. Irrespectively, the data were analyzed by fitting them to one-site inhibition mass action curves to determine estimates of equilibrium binding dissociation constants (Table 2) , because highly negative allosteric modulation is indistinguishable from simple competition at equilibrium.
As expected, the orthosteric binding site mutations (W101 3.28 A, L102 3.29 A, D105 3.32 E, Y106 3.33 A, and Y381 6.51 A) resulted in overall reductions in the affinities of the selected orthosteric ligands (Fig. 3 ). However, there were some exceptions. In contrast to the orthosteric agonists (ACh and xanomeline), the antagonists [ 3 H]QNB and atropine were both unaffected by the D105 3.32 E mutation ( Table 2 and Fig. 3, A and C) . Additionally, for the Y381 6.51 A mutation, [ 3 H]QNB affinity was unaffected, whereas xanomeline affinity was modestly enhanced. For the D105 3.32 N mutant, a marked reduction (over 400-fold) in the binding affinity of [ 3 H]QNB was observed ( Table 2 and Fig. 3A) . Together with the lack of detectable agonist responses in subsequent functional assays (data not shown) and findings from previous studies of mAChRs (10, 26, 45) , this mutation was not investigated further.
Consistent with previous reports (15, 22, 23) , improved binding of TBPB and 77-LH-28-1 was detected at the W101 3.28 A receptor. This was also observed for the agonist fragment derivative of TBPB (VCP794), and all three ligands exhibited improved binding at the Y381 6.51 A receptor (Fig. 2, D-F) . Inter-estingly, the effect of D105 3.32 E was different among TBPB, VCP794, and 77-LH-28-1, improving, reducing, or not altering the affinities of the ligands, respectively. The other mutations within the orthosteric binding site resulted in reductions in ligand affinities (Table 2 ). In the case of the antagonist fragment VCP813, its binding was largely unchanged at most mutants and only modestly reduced at the W101 3.28 A and L102 3.29 A mutants.
An examination of the other mutated residues within the heptahelical bundle outside of the orthosteric site found similar reductions in binding affinity of all agonist ligands at the Y82 2.61 A, Y85 2.64 A, W400 7. 35 A, and E401 7.36 A mutations ( Table 2 and Fig. 3 ). Exceptions were found with 77-LH-28-1 and xanomeline, both of which maintained affinity for the E401 7.36 A mutant, whereas xanomeline was also unaffected by the W400 7.35 A mutation. Intriguingly, although 77-LH-28-1 exhibited a small but significant reduction in affinity at the F77 2.56 I mutation, consistent with previous findings (15) , it also exhibited reduced affinity (ϳ3-fold) at the Y82 2.61 A receptor (Fig. 3D) , in contrast to an earlier report (22) . Furthermore, unlike the structurally similar TBPB, VCP794 displayed reduced affinity for the F77 2.56 I mutant (Fig. 3F) , whereas the affinities of the remainder of the tested ligands were unaltered.
Alanine substitutions of nonconserved residues in ECL1 and ECL2 (His-90 E1 , Lys-392 E3 , and Asp-393 E3 ) had little effect on the binding affinities of most agonists tested ( Table 2 and Fig. 3 ). However, mutation of conserved residues in ECL2 revealed surprisingly divergent behaviors of orthosteric and bitopic agonists. Although the affinities of ACh (Fig. 3E ) and xanomeline (Fig. 3G) were significantly decreased at these mutations, bitopic ligands exhibited either equivalent or improved binding affinities (Fig. 3, B and D) . However, these effects were not observed at the Q181 E2 A mutant, which largely had no effect on the binding of each of the ligands tested except for subtle improvement or reduction in the estimated affinities of TBPB and xanomeline, respectively. Surprisingly, VCP813 maintained its binding affinity at the mutations of the extracellular loop, with only a small reduction found at the F182 E2 A receptor.
Signaling of Agonists at Mutant M 1 mAChRs-To examine and compare the effect of mutations on the agonist profiles of ACh, xanomeline, 77-LH-28-1, TBPB, VCP794, and VCP813, concentration-response curves were constructed for M 1 mAChR-mediated [Ca 2ϩ ] i mobilization and ERK1/2 phosphor- ylation. VCP813 did not exhibit any agonist activity at the wildtype receptor, consistent with previous identification that it is an antagonist (19) , nor at any other M 1 mAChR mutant (data not shown) and was not studied further.
An examination of the agonist responses in [Ca 2ϩ ] i mobilization experiments at M 1 mAChR mutants revealed striking effects at the F77 2.56 I, Y82 2.61 A, Y85 2.64 A, W101 3.28 A, I180 E2 A, and L183 E2 A mutants (Fig. 4) . These mutations had differential effects on the orthosteric relative to the bitopic agonists tested. For the F77 2.56 I, Y82 2.61 A, and Y85 2.64 A mutants within TM2 (Fig. 4, B-D) , the agonism of the ligands TBPB, 77-LH-28-1, and VCP794 was reduced compared with the orthosteric agonists ACh and xanomeline. This was most apparent with the Y82 2.61 A and Y85 2.64 A mutants. In contrast, the W101 3.28 A, I180 E2 A, and L183 E2 A mutants resulted in enhancements in bitopic agonist potencies relative to the orthosteric agonists ( Fig. 4, E-G) . pERK1/2 experiments revealed similar marked changes in agonist potencies at mutants relative to wild-type M 1 mAChR to those observed in [Ca 2ϩ ] i mobilization ( Fig. 5 ). Intriguingly, although agonist potencies for pERK1/2 were lower overall compared with the respective [Ca 2ϩ ] i mobilization experiments, more marked losses in the agonist responses of TBPB and VCP794 were found at the Y179 E2 A and F182 E2 A mutants, respectively (Fig. 5, F and H) , for agonist stimulation of pERK1/2. There was little difference in the relative rank order of potencies at the wild-type M 1 mAChR between the two cellular responses (Table 3) . To more quantitatively assess the agonist profiles, data sets were fitted to the operational model of agonism to derive estimates of the functional affinity (K A ) underlying each signaling state, as well as operational measures of efficacy (). Because all of the agonists yielded the maximal system response at the wild-type M 1 mAChR, the functional affinity estimates in this instance were determined via operational model fitting to curves established in the absence and presence of irreversible occlusion of the receptors by incubation with phenoxybenzamine (Table 4 ).
An important observation resulting from this analysis was that, in general, the estimated agonist functional affinities (Table 4 ) were substantially greater than the respective affinity estimates determined from radioligand binding experiments (Table 2 ). This was particularly so with VCP794 and 77-LH-28-1, which exhibited an average 10-fold greater functional affinity compared with radioligand binding affinity estimates. These discrepancies between functional and binding affinity estimates may be due to overall differences in the assay conditions between the binding and signaling experiments, or may be indicative of agonist engagement of alternate receptor conformations driven by transducer-specific affinities that are operative at the level of the intact cell but not captured in the biochemical radioligand binding experiments.
If the differences in affinity estimates were predominantly due to differences in assay conditions, then one could expect changes in absolute affinity values but not in the overall rank orders, such that a significant correlation would exist between binding and functional affinity values. Thus, the functional and binding affinity estimates (for those mutants where these values could be derived) were subjected to a correlation analysis. In all cases, the analyses of functional affinity estimates from [Ca 2ϩ ] i mobilization ( Fig. 6 ) and pERK1/2 studies (Fig. 7) revealed a significant correlation with the affinity values from the radioligand binding studies (p Ͻ 0.05), suggesting that the major source of discrepancy is likely due to the assay conditions (e.g. ionic strength, temperature, and time). However, there were some exceptions, derived from the comparison of [Ca 2ϩ ] i mobilization and radioligand binding data. Specifically, we AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
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VCP794, and 77-LH-28-1 were observed in [Ca 2ϩ ] i mobilization experiments ( Fig. 8 ) but not pERK1/2 experiments ( Fig. 9 ). Along with the estimation of functional affinity (K A ), application of the operational model of agonism also yielded estimates of efficacy (). Given that the measured efficacy of agonist responses is affected by differences in receptor expression (41) , the values estimated from operational model fitting of agonist functional data at each mutant were corrected for receptor expression (from flow cytometric analysis), yielding corrected efficacy estimates ( c ). Due to cases where the agonist functional affinity could not be determined (i.e. full or insufficient agonist responses), efficacy estimates were derived by constraining the functional affinity value (K A ) to the affinity value estimated from radioligand binding studies (K I ). However, as described above, the K A of an agonist may be divergent from its K I estimate. Consequently, this constraint to agonist K I values yielded estimates of that are reflective of changes in both efficacy and functional affinity (K A ), as was the case with ACh. However, although there is an intrinsic level of error in this approach, the positive correlations between the mutational effects on functional and binding affinity estimates suggest that the estimates of efficacy for these cases will be indicative of the general direction of change relative to the wild-type receptor.
On analysis of agonist efficacies ( Table 5 and Figs. 10 and 11), reductions in signaling efficacy were detected for agonists at most of the mutations within and neighboring the orthosteric site (W101 3.28 A, L102 3.29 A, D105 3.32 E, Y106 3.33 A, and Y381 6.51 A). As described previously, W101 3.28 A was a notable exception to this group. Analyses determined a reduction of ACh signaling efficacy by about 3-fold ( Figs. 10A and 11A) but not of the other agonists tested. In contrast, significant reductions in efficacy and loss of detectable agonist responses were found with all agonists at the Y381 6.51 A mutant, despite significantly enhanced binding affinity exhibited by TBPB, VCP794, 77-LH-28-1, and xanomeline. However, agonist functional affinity estimates could not be determined for the Y381 6.51 A mutant due to a lack of reliable determination of the maximal agonist response.
Differential effects on agonist efficacies were observed with mutations of TM2. Although the F77 2.56 I mutant significantly reduced the efficacy of TBPB (Figs. 10B and 11B) , the efficacy of VCP794 was unchanged ( Figs. 10D and 11D) . The difference between TBPB and VCP794 is interesting given the similarities in chemical structure. In comparison, the efficacy of 77-LH-28-1-activated pERK1/2 was reduced at the F77 2.56 I mutant (Fig.  10C) , consistent with previous reports (15, 22, 23) . However, its efficacy in [Ca 2ϩ ] i mobilization experiments was unchanged (Fig. 11C ). In the case of the Y82 2.61 A and Y85 2.64 A mutants, the loss of bitopic agonist responses likely emanates from marked reductions in efficacy; the reductions in the bitopic ligand binding affinities and receptor expression are insufficient to account for these observations. Indeed, this is highlighted by the different profile of 77-LH-28-1, which had unchanged efficacy at the Y85 2.64 A mutant (Table 5 ). AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
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Although mutations in ECL2 enhanced the binding and/or functional affinity of the bitopic agonists, a general reduction in agonist efficacies was observed at these mutants. This indicates that the greater potencies of bitopic agonists at these mutants, relative to ACh, are the result of greater affinity for the receptor. However, at the Y179 E2 A, Q181 E2 A, and F182 E2 A mutants, and the mutations of ECL1 and ECL3, the efficacies of ACh, xanomeline, and 77-LH-28-1 were enhanced overall or unchanged, in contrast to TBPB and VCP794.
Identification of Receptor Domains Involved with Agonist Bias-Given the diverse changes in agonist functional affinities and/or efficacies at the receptor observed for both [Ca 2ϩ ] i mobilization and pERK1/2, these could affect the agonist bias profile for the two signaling pathways. We thus utilized the operational model (43) , which accounts for changes in both agonist parameters via derivation of composite /K A values, to analyze agonist bias profiles at each mutation relative to the preferences of ACh (Table 6 ). At the wild-type M 1 mAChR, VCP794, 77-LH-28-1, and xanomeline were identified as biased agonists for pERK1/2. The profiles of bias for each agonist relative to ACh across the investigated mutations are presented in Fig. 12 ; values greater than 1 indicate -fold bias toward pERK1/2, and values less than 1 indicate the inverse of the -fold bias toward [Ca 2ϩ ] i mobilization. Unfortunately, the bias fac- tors of agonists at several mutations could not be determined due to a loss of detectable agonist pERK1/2 responses and thus are not shown.
In the case of the first cluster of mutants encompassing TM2, ECL1, and TM3 mutations, bias factors could not be determined in a number of instances because of an overall loss in signaling efficacy due to the mutation. For those instances where bias factors were determined, however, it was noted that the bias toward pERK1/2 over [Ca 2ϩ ] i mobilization was largely maintained, if not slightly exaggerated, with the only notable exception being the loss of xanomeline bias at the F77 2.56 I and H90A mutations. For the second cluster of mutants, namely those in ECL2, a clear pattern emerged, namely that the bias moved away from pERK1/2 and toward [Ca 2ϩ ] i mobilization. This was particularly significant for xanomeline at the Y179 E2 A, Q181 E2 A, and L183 E2 A mutations but was also evident for the other agonists. The only exception to this was the effect of F182 E2 A on VCP794.
Furthermore, in the case of TBPB, it was unable to stimulate pERK1/2 at Y179 E2 A and F182 E2 A mutations. Given that radioligand binding studies demonstrate that TBPB exhibits enhanced or unchanged affinity at these mutations, respectively, the loss in pERK1/2 activity likely reflects marked reductions in pERK1/2 efficacy and/or functional affinity compared with [Ca 2ϩ ] i mobilization and a substantial change in bias toward this latter response.
The final cluster of mutants encompassed TM6, ECL3, and TM7, where it was noted that the effect of most mutations was to reduce the pERK1/2 bias for one or more agonists. The major exceptions to this were D393A, which had no effect on the bias for any agonist, and E401 7.36 A, which strikingly increased the bias toward pERK1/2 for all agonists.
Modeling of TBPB and VCP794 Binding to the M 1 mAChR-
The recent solution of crystal structures of the M 2 and M 3 mAChRs (32, 49, 50) provides insights into the structure of mAChRs. A homology model of the M 1 mAChR was generated based on the M 3 mAChR, due to the shared sequence homology and functional coupling profiles of the two subtypes. Molecular dynamics simulations of TBPB and VCP794 binding to the solvated M 1 mAChR predict distinct interactions with the receptor. Final poses after 20 and 19 ns of simulation, respectively, are depicted in Fig. 13 . From these in silico predictions, both Data were analyzed using an operational model of agonism (see "Experimental Procedures"). Agonist transduction coefficients (log/K A ) were each normalized to the values determined for ACh for each signaling pathway (pERK1/2 and ͓Ca 2ϩ ͔ i mobilization). To avoid the propagation of error from multiple data manipulation steps, the normalized transduction coefficients for the two pathways were compared statistically to determine signaling bias compared with ACh (see "Experimental Procedures"). Values are expressed as mean Ϯ S.E. of 3-6 independent experiments conducted in duplicate. ND, not determined.
Mutation
ACh ligands share similar poses within a solvated pocket of the receptor. Although there are differences in size and structure between TBPB and VCP794, the residues engaged by these ligands within the binding pocket are largely similar. This pocket is largely enclosed by hydrophobic and aromatic residues that were observed to surround QNB, iperoxo, and tiotropium in the M 2 and M 3 mAChRs, respectively (32, 49, 50) . However, the common benzimidazolone portion of both ligands is positioned between TM2, TM3, and TM7, with the agonist molecules extending from this moiety down into the heptahelical bundle (Fig. 13, A and B) These predictions appear consistent with the affinity reductions of the bitopic ligands observed at most of the mutants of these residues. For instance, the rotamerization of Trp-101 3.28 away from the orthosteric pocket, compared with the M 2 and M 3 mAChR crystal structures (32, 49) , serves to accommodate the binding of TBPB (Fig. 13C ) and VCP794 and is concordant with the effects of alanine substitution of this residue. However, although a gauche ϩ conformation of Trp-101 3.28 has been suggested as permitting 77-LH-28-1 binding to the M 1 mAChR (10, 15, 22) , our simulations did not predict such a pronounced rotamerization of the residue. In agreement with the enhanced bitopic ligand binding affinities at the Y381 6.51 A mutant, the final ligand poses reveal only Tyr-381 6.51 positioned away from the orthosteric pocket (Fig. 13C) , compared with the resolved structures of the M 2 and M 3 mAChRs (32, 49, 50) . This movement of Tyr-381 6.51 away from the binding pocket may be a consequence of steric interactions between the residue and bitopic ligands. Indeed, this residue is further away from the pocket when TBPB is present, compared with VCP794, which also correlates with their relative changes in affinity at the Y381 6.51 A mutation.
Although both TBPB and VCP794 occupy the orthosteric binding site, this engagement is different than QNB and tiotropium bound to the M 2 and M 3 mAChRs, as the bitopic ligands reside some distance away from TM5 (Fig. 13D) . In particular, residues surrounding the benzimidazolone portion of TBPB and VCP794, such as Tyr-179 E2 and Ile-180 E2 , are oriented to enclose the space that this moiety occupies. In addition to extending into the orthosteric site, TBPB and VCP794 appear to extend into an extracellular region between TM2, TM3, and TM7. Although this region plays an indirect role in the stabilization of the orthosteric binding site (51) , it is also directly involved with the binding of prototypical allosteric modulators such as gallamine (28) . Moreover, for both ligands, a prominent rotameric movement is observed of Tyr-404 7.39 away from the center of the heptahelical bundle toward TM6. Interestingly, this movement may also assist in the movement of Tyr-381 6.51 to accommodate TBPB binding, with weak hydrogen bonding between Tyr-404 7.39 and Tyr-381 6.51 observed with simulation.
DISCUSSION
Bitopic ligands provide an interesting approach to selectively targeting receptor subtypes and biasing intracellular signaling. Through mutagenesis of the orthosteric binding domain and neighboring allosteric domain(s) of the M 1 mAChR, we provide further evidence for the bitopic engagement of the M 1 mAChR by TBPB and 77-LH-28-1. Furthermore, we have identified residues of the M 1 mAChR that are involved with bitopic ligand signaling responses into cells.
Various investigations of selective ligands at the M 1 mAChR have utilized sensitivity to the Y381 6.51 A mutation as evidence of engagement, or lack thereof, with the orthosteric binding domain (6, 7, 11, 52) . However, our findings support bitopic ligand engagement with the orthosteric site for such ligands. The differential effects of the W101 3.28 A and Y381 6.51 A mutants also highlight the different occupation of the orthosteric site by bitopic ligands compared with purely orthosteric ligands such as ACh. Furthermore, this illustrates the limitation of relying on a single mutation to discriminate between purely orthosteric ligands, purely allosteric ligands, and bitopic ligands in receptors where these sites are in relatively close apposition, such as the mAChRs.
Apart from mutations within the orthosteric binding site, the largest reductions in binding affinity of the bitopic ligands were found at the Y82 2.61 A, Y85 2.64 A, and W400 7.35 A mutants. Furthermore, the marked reductions in bitopic agonist efficacies at mutants of TM2 indicate that this region is necessary for receptor activation by these ligands. This is consistent with previous findings at the M 1 and M 2 mAChRs and the reported mode of binding of 77-LH-28-1 (10, 15, 22 ), suggesting a different role for TM2 in bitopic ligand efficacy compared with orthosteric ligands (51) . Indeed, previous structure-activity and truncation studies of TBPB (19, 53) have demonstrated that modification or removal of the benzimidazolone moiety of TBPB impairs the agonist activity of the molecule. This appears consistent with the predicted engagement of the moiety of TM2. Moreover, the structurally similar dihydroquinolone of 77-LH-28-1 is predicted to engage TM2 within both the M 1 and M 2 mAChRs (10, 15, 22) . This suggests that the common features of these moieties could be exploited to develop ligands that engage with this domain of the receptor.
We have also identified novel roles for ECL2 in bitopic ligand binding and function at the M 1 mAChR. In contrast to the orthosteric ligands, the greater binding affinities of bitopic ligands exhibited at mutations of ECL2 suggest that these residues impede the binding of the bitopic ligands, probably to the orthosteric site. These enhanced affinities are also similarly observed in functional studies. Moreover, we identified the I180 E2 A and L183 E2 A mutants as eliciting even larger improvements of bitopic agonist functional affinity in [Ca 2ϩ ] i mobilization studies compared with binding studies. This indicates that these agonists could stabilize high affinity conformations of the M 1 mAChR for this functional pathway, suggesting a role for these residues (and ECL2) in functional signaling of the receptor.
Indeed, regarding M 1 mAChR signaling, ECL2 appears to play a role in signaling bias, evident in the mutational changes in the bias profiles of the bitopic ligands (Fig. 12 ). This finding is consistent with prior studies of ECL2 as a possible constraint for the active conformations naturally adopted by the M 2 mAChR (10, 20) , and suggest that the region may play a general role as a molecular "microswitch" in more than one receptor. Furthermore, it appears that the enhanced functional affinities of agonists at mutations of ECL2, relative to radioligand binding estimates, bears considerable weight in signaling bias; compared with the wild-type M 1 mAChR, agonists were biased away from pERK1/2 at the I180 E2 A and L183 E2 A mutants, despite agonist efficacies for [Ca 2ϩ ] i mobilization being reduced. Consequently, this highlights the importance of accounting for functional affinities that diverge from affinity estimates from binding assays (54) .
Although mutations altering the signaling bias of agonists have been reported for the M 2 mAChR, glucagon-like peptide type 1 receptor and dopamine D 2L receptor (10, 20, (55) (56) (57) , ours is the first study to quantitatively characterize this phenomenon at the M 1 mAChR using an operational approach. Furthermore, it is interesting to note that the blunting of agonist signaling to pERK1/2 observed at the Y177 E2 A M 2 mAChR mutant (20) bears a similarity to our examination of the equivalent Y179 E2 A mutant at the M 1 mAChR. Given that ECL2 of mAChRs is involved with the binding of allosteric ligands (21, 50, 58 -60) , along with its potential involvement in biased signaling, further scrutiny into the bias profiles of mAChR allosteric ligands may be warranted.
From the crystal structures of the inactive state M 2 and M 3 mAChRs and the active state M 2 mAChR, an aromatic cage enclosing the bound orthosteric antagonist or agonist is evident (32, 49, 50) . However, this by no means indicates that the boundary of the orthosteric site is rigid and stable. In addition to previous investigation with 77-LH-28-1 (15), our predicted poses of TBPB and VCP794 at the M 1 mAChR suggest that the flexibility of amino acid residues in the aromatic cage can accommodate bitopic ligands. Furthermore, previous reports have indicated that residues of the orthosteric site aromatic cage are required for receptor activation (23, 24, 61) . Hence, the lower efficacies of bitopic agonists may be due to the disruption of the aromatic cage as they extend up toward an allosteric site and, consequently, the disruption of key activation networks.
Surprisingly, our molecular dynamics simulations of TBPB predicted that the ortho-tolyl moiety, shared with its antagonist derivative VCP813, was engaged with the orthosteric binding domain of the receptor. This is interesting given that VCP813 interacts allosterically and the ortho-tolyl moiety conveys agonist selectivity for the M 1 mAChR (19) . Also, the modest reductions in VCP813 affinity observed at several mutations do not support direct interactions with the bitopic space occupied by TBPB and VCP794. This suggests that the antagonist may interact solely with a different, yet undefined, allosteric binding site. Although VCP813 is derived from TBPB, truncation of a ligand does not guarantee a fragment derivative that will bind in the same domain of the target protein (62) . However, such a purely allosteric interaction by VCP813 may also represent a secondary mode of binding for TBPB. This mode would support the noncompetitive and purely allosteric retardation of [ 3 H]N-methylscopolamine dissociation from the M 1 mAChR by TBPB (19, 23) .
In conclusion, this study has characterized the bitopic mechanism of action of TBPB and 77-LH-28-1 at the M 1 mAChR. We propose that these ligands share a similar binding domain, which includes both the orthosteric binding site and a putative allosteric region, to engage and activate the M 1 mAChR. Furthermore, we have identified regions of the M 1 mAChR that have distinct roles and differential effects in the affinity and efficacy of bitopic ligands compared with orthosteric ligands. This knowledge can be exploited potentially for the development of bitopic and/or allosteric ligands that exhibit greater selectivity for the M 1 mAChR and/or select signaling pathways.
